We screened 140,000 small molecules and identified mosome segregation, this checkpoint may be refive compounds (from the Chembridge DIVERSet E) quired for survival of tumor cells and may be a target that permitted proliferation to the same extent as delefor chemotherapy. We performed a phenotype-based tion of MAD2, a known spindle-checkpoint gene. We chemical-genetic screen in budding yeast and idenresynthesized these compounds (see Supplemental tified an inhibitor of the spindle checkpoint, called Experimental Procedures), tested intermediates in the cincreasin. We used a genome-wide collection of yeast above-described minichromosome assay, and found a gene-deletion strains and traditional genetic and biosingle active compound common to all five reagents chemical analysis to show that the target of cincreasin ( Figure 1A) ; we named this compound "cincreasin" is Mps1, a protein kinase required for checkpoint func-(chromosome instability increasing compound). Retion [8]. Despite the requirement for Mps1 for sensing lated compounds were less active (see Figure S1 in the both the lack of microtubule attachment and tension at Supplemental Data available with this article online). A kinetochores, we find concentrations of cincreasin that dose-response assay showed that cincreasin activates selectively inhibit the tension-sensitive branch of the proliferation in the minichromosome assay at 30-40 spindle checkpoint. At these concentrations, cincreasin M, about 10-fold lower than the IC 50 for viability (Figcauses lethal mad2D in 60 g/ml benomyl plus DMSO. We found no
(D) Experimental design to evaluate the checkpoint response to tension defects (modified from [7] ). Cdc6-depleted cells go through mitosis without replicating their chromosomes. Kinetochores that are not under tension activate the spindle checkpoint and stabilize Pds1 (gray). Inactivation of the checkpoint by deletion of MAD2 or treatment with cincreasin allows degradation of Pds1. (E) Pds1p levels were monitored during the cell cycle (as in [7] ) in cells that were depleted of Cdc6 (YBS420) and were compared to the levels in Cdc6-depleted cells that also lacked Mad2 (YBS514); see Supplemental Experimental Procedures for details.
benomyl, indicating that cincreasin is unable to inhibit containing unreplicated DNA but not in cells treated with 150 M cincreasin or in mad2D cells, indicating the attachment-sensitive branch of the spindle checkpoint ( Figures 1B and C) .
that cincreasin keeps the spindle checkpoint from delaying the exit from mitosis in cells whose kinetochores Tension is generated on kinetochores during mitosis when the poleward microtubule-dependent forces exare not under tension. erted on kinetochores are opposed by the linkage between sister chromatids [5] [6] [7] . Cells depleted for the Cincreasin Increases the Chromosome Loss Rate in Wild-Type Cells and Checkpoint Mutants replication protein Cdc6 do not replicate their DNA, but they still proceed through mitosis. However, tension Because cincreasin perturbs the response to chromosomes that are not under tension, we measured the cannot be generated because the chromatids lack sisters, and the spindle checkpoint is activated, stabilizing chromosome loss rate in wild-type yeast cells treated with cincreasin by determining the loss rate of a nonesPds1p, a protein that inhibits sister-chromatid segregation and is a target of Cdc20-dependent ubiquitination sential test chromosome via a colony-color assay [15, 16] . The test strain harbors the ade2-101 (ochre) muta- [7, 14] . We evaluated the effects of cincreasin on Pds1p degradation in cells that lack Cdc6 (cdc6D GAL-CDC6) tion and a test chromosome bearing the SUP11 gene (an ochre-suppressing tRNA), which is lost 100 times compared to in Cdc6-depleted cells that lack Mad2 (cdc6D GAL-CDC6 mad2D, Figures 1D and 1E ). Pds1p more frequently than normal chromosomes. Losing the test chromosome makes the cells red instead of white. levels were stabilized in control DMSO-treated cells If this loss occurs in the first division, the resulting colony is half red and half white, and the rate of chromosome missegregation is calculated by dividing the number of half-red colonies by the total number of colonies containing the test chromosome (as in [16] ). We found that cincreasin increases the chromosome loss rate of wild-type W303 cells in a dose-dependent manner (Figure 2A ), indicating that cincreasin strongly affects the fidelity of chromosome segregation in otherwise-unperturbed mitoses.
To determine whether the effect of cincreasin on chromosome segregation can be explained solely by inhibition of the spindle checkpoint, we measured the loss rate in cells deleted for several checkpoint genes and treated with cincreasin. We found that cincreasin dramatically increased the loss rate in mad1D, mad2D, and mad3D cells (10-fold, 20-fold, and 15-fold at 60, 60, and 120 M, respectively; Figure 2B ); the loss rates of mad1D and mad2D mutants at 120 M cincreasin were too high to measure accurately. Because the effects of cincreasin on these checkpoint mutants are so severe, we conclude that cincreasin must inhibit other aspects of chromosome segregation in addition to the spindle checkpoint and that the target of cincreasin cannot solely be Mad1, Mad2, or Mad3.
A Genome-Wide Genetic Screen Reveals a Unique Chemogenetic Sensitivity Profile for Cincreasin
Cincreasin might interfere with two aspects of mitosis, the tension-sensitive branch of the spindle checkpoint, and some other mitotic process. To investigate this issue, we performed a genome-wide screen for deletion mutants sensitive to cincreasin. We inoculated w4,700 haploid deletion mutants onto rich medium plus either 200 M cincreasin or DMSO and found 124 cincreasinsensitive strains. Of these 124 strains, 71 mutants scored strongly (32; +++) or moderately (39; ++) sensitive to cincreasin (Table S1 ). Sixteen of the 32 (50%) strong and 7 of the 39 (18%) moderate mutants have previously-reported defects in kinetochore structure and function (mcm16D, mcm17D, mcm21D, mcm22D,  ctf19D, ctf3D, ctf4D, bim1D, chl1D, and sgo1D) , microtubule motors (cin8D and kar3D), microtubule stability or structure (gim3D, gim4D, and gim5D), sister-chromatid cohesion (dcc1D and ctf8D), the spindle checkpoint shown). These data suggest two possibilities. Either the Figure 3A) . However, when treated with cincreasin, cin8D mutants began to sepatial targets of cincreasin. A simple small molecule like cincreasin may bind with low affinity to many proteins, rate sister chromatids 90 min after release from G1 (Figure 3A) . In addition, cincreasin caused massive chroso we expected to find several potential targets. Because the growth assays are competitive, fitness profilmosome loss in cin8D cells (Figures 3A and 3B) , which produced many aneuploid cells after 7.5 hr ( Figure 3C) . ing with heterozygotes is very sensitive to subtle differences in relative growth rates and, by extrapolation, to Thus the strong cincreasin sensitivity of cin8D mutants is explained by massive chromosome missegregation affinity. We used a collection of w5900 yeast strains with a (summarized in Figure 3D ), suggesting that in cin8D mutants, some chromosomes are not under tension beheterozygous deletion marked with two unique, 20 bp, oligonucleotide molecular bar codes. The relative abuncause both sister kinetochores have attached to the same pole (mono-orientation), thus activating the dance of each strain is measured by amplifying the bar zygote was 50-fold less abundant in the culture ( Figure  4A ). In contrast, the IPL1/ipl1D heterozygote was only All 53 mutants sensitive at 200 M were also sensitive at 400 M; 52 of these 53 strains were sensitive when slightly sensitive to 200 M cincreasin ( Figure 4B ). We also found that overexpression of MPS1 on a 2 micron individually retested on plates (data not shown). We found that the strain heterozygous for MPS1 was vector decreases the sensitivity of cin8D cells to cincreasin and partially restores the ability of cells with among the most sensitive in the genome (Table S2 ; ranked second). Moreover, the MPS1 heterozygote was short linear chromosomes to arrest at the spindle checkpoint in the presence of cincreasin (data not the most sensitive of the known checkpoint strains (Figures S2A and S2B) . Because cincreasin is similar shown). Taken together, these data suggest that Mps1 is an important target of cincreasin. to indolinones, a known class of kinase inhibitors, and MPS1 has mitotic-and spindle-checkpoint functions, we hypothesized that MPS1 could be a target of
Mps1 as a Target of Cincreasin
To confirm that Mps1p is a target of cincreasin, we percincreasin.
We confirmed that MPS1/mps1D heterozygotes are formed an in vitro kinase assay on purified Mps1p. Mps1p kinase activity is inhibited in vitro by cincreasin sensitive to cincreasin by comparing the growth rate of with an IC 50 of approximately 700 M, with complete wide range of deletion mutants that are sensitive to cininhibition at 1 mM (Figures 4C and 4D; Figure S4) nase plays an important role in positioning a catalytic aspartic acid, making it likely that mutating this residue could affect the strength of cincreasin binding or in-
